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ABSTRACT: Positively charged polymeric materials have been an alternative to combat bacteria as they exhibit inherently antibacterial
potency via bacteria membrane disruption. In this study, we report facile preparation of positively charged core-crosslinked polymeric
micelles with inherent antibacterial properties. Spherical micelles were prepared by self-assembling of poly(4-vinylpyridine)-b-
(oligoethylene glycol methyl ether methacrylate) copolymer in aqueous solution. Herein, quaternization reaction was utilized for the first
time to core crosslink the micelles through the pyridine rings utilizing their hydrophobic core and thus resulting positively charged
nanostructures. Dynamic light scattering (DLS) results identified that the micelles have an average hydrodynamic diameter of 114 nm
with a polydispersity index ranging between 0.105 and 0.114. The electrophoretic light scattering (ELS) measurements demonstrated
that the micelles have zeta potential values ranging from +38 to +63 mV. It was evident from both ELS and DLS results that the micelles
in solution exhibit long-term stability as the samples were able to maintain their size and charge even after a year of storage. Further,
the micelles exhibited inherently antibacterial activity against Escherichia coli and furthermore, this antibacterial efficacy was sustained
over a period of 1 year. These stable core-crosslinked micelles are proposed to have great potential as antibacterial materials for long-
term applications. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2020, 137, 48393.
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INTRODUCTION

Bacterial infections are a growing global problem that cause serious
diseases all over the world and have become more challenging to
treat due to the increased number of antibiotic resistant species.1

The number of new antibiotics which have been developed and
approved have been decreasing steadily in the last decades.2 There-
fore, it is highly necessary to develop novel antibacterial materials
that have different bacteria killing mechanisms other than those of
conventional antibiotics. Inherently, antibacterial polymeric mate-
rials have been of great interest in the prevention and/or treatment
of bacterial diseases due to their versatility, biocompatibility, and
nonimmunogenicity.3,4 Cationic group containing polymers are the
most widely known type of inherently antibacterial polymers previ-
ously used in many studies as either homopolymers or copolymers
consisting of miscellaneous monomers.5 These polymers display
significant antibacterial activity potential after physical contact with
the bacteria.6,7 Principally, this occurs via the polycationic-rich sur-
face of cationic polymers causing membrane disruption of the
bacteria.8

Poly(4-vinylpyridine) (PVP) has been extensively studied to pre-
pare polycations, as it is capable of gaining positive charge
through quaternization of pendant pyridine rings. The quater-
nization of pyridine ring of PVP is an effective way of modifying
the polymer structure to obtain side chains with different func-
tional groups,9 graft polymers,10 or even gels.11 In the last
decades, this quaternary ammonium group containing PVP
(quaternized PVP) has been used in several studies for
antibacterial purposes as a soluble polymer,12 gel,13 or coating.14

Although polycations containing quaternary ammonium groups
have proven to exhibit inherent antibacterial effect,15 they may
cause toxicity to human or animal cells.16 To overcome this
drawback, a biocompatible and hydrophilic comonomer can be
included into the structure of the polycation to obtain copolymer
with reduced toxicity while retaining antibacterial activity.
Youngblood et al. investigated such random copolymers of
quaternized PVP with biocompatible oligoethylene glycol methyl
ether methacrylate (OEGMA) monomer and successfully pro-
duced hemocompatible antibacterial copolymers.12,17,18
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Polymeric micelles bearing cationic groups have attracted interest in
antibacterial applications as they exhibit increased antibacterial effi-
cacy due to their high charge density and increased surface area.19

However, since the micelles are self-assembled through noncovalent
interactions, they can dissociate when exposed to environmental
changes20 such as dilution, temperature, and pH changes, and
hence, this can lead to significant deterioration of their biological
performance.21 This lack of stability limits their long-term
antibacterial effectiveness and breadth of applications.22 Therefore,
crosslinking is an efficient way to stabilize the micelles to prevent
their dissociation into unimers.23 To date, although a series of cova-
lent bonds and reactions have been applied to micelle crosslinking
including disulfide bonds,24 thiol–ene reaction,25 amide bond,26 and
so forth, as far as we know, quaternization reaction has not yet been
used for crosslinking of any micelle. Thereby, quaternization can be
considered as a facile alternative approach to concurrently achieve
both crosslinking and positively charging of the micelles.

Recently, we have synthesized an amphiphilic block copolymer of
PVP-b-poly(OEGMA) (POEGMA) for drug delivery and gene
therapy purposes.27,28 Herein, we prepared positively charged core-
crosslinked micelles of the PVP-b-POEGMA copolymer by quater-
nization reaction. As these micelles would contain positively
charged quaternary ammonium groups, we hypothesized that they
are highly likely to exhibit inherent antibacterial activity. To
achieve this, pyridine rings of the core forming PVP block were
quaternized with bifunctional 1,6-dibromohexane (DBH) to form
covalent crosslinks between polymer chains. The quaternization
reaction resulted in the formation of a micelle structure with a
positively charged PVP core within a hydrophilic shell of
POEGMA blocks. To the best of our knowledge, this study repre-
sents the first polymeric micelle core-crosslinked via quaternization
reaction. Moreover, as far as we are aware, we propose the first
example of a core-crosslinked micelle with inherent antibacterial
efficacy. As will be seen below, the obtained micelles show inherent
antibacterial effect against Escherichia coli after overnight incuba-
tion, and thus can be used for antibacterial applications.

EXPERIMENTAL

Materials
OEGMA (Mn = 475 g mol−1, Sigma-Aldrich, Istanbul, Turkey);
4-vinylpyridine (4VP, Sigma-Aldrich); azobisisobutyronitrile
(AIBN, Sigma-Aldrich); DBH (Sigma-Aldrich); dichloromethane
(Sigma-Aldrich); acetic acid (Sigma-Aldrich); 4-cyano-4-(phenyl-
carbonothioylthio)pentanoic acid (CTA, Strem Inc.); N,N-
dimethylformamide (DMF, Carlo Erba); NaCl (Carlo Erba); and
diethyl ether (Merck) were used as received. Ultrapure water was
obtained from the Millipore Milli-Q water purification system.
Mueller Hilton Broth/Agar media (Oxoid) was used for the
antibacterial tests.

Synthesis of PVP-b-POEGMA Amphiphilic Block Copolymer
via Reversible Addition–Fragmentation Chain Transfer
Polymerization
PVP-b-POEGMA amphiphilic block copolymer was synthesized
as described previously.27 Briefly, OEGMA was polymerized with
[M]0/[CTA]0/[I]0 = 75/1/0.2 ratio. AIBN and CTA were used as
the initiator and the reversible addition–fragmentation chain

transfer (RAFT) agent, respectively. OEGMA was dissolved in
DMF with the initial concentration of 0.5 M and CTA was added
to this solution. The solution was purged with N2 gas and heated
to 70 �C. AIBN solution was added to initiate the polymerization
of OEGMA. The reaction proceeded for 2 h and POEGMA was
precipitated using cold diethyl ether. POEGMA was used as
macroCTA to further mediate the RAFT polymerization. PVP
block was extended from this macroCTA using the [M]0/[CTA]0/
[I]0 = 200/1/0.5 ratio. POEGMA was dissolved in DMF and 4VP
was added to the solution. The mixture was exposed to N2 gas
and heated to 70 �C. The polymerization of 4VP was initiated by
addition of AIBN solution. After 24 h, PVP-b-POEGMA copoly-
mer was precipitated with cold diethyl ether and dried in vacuum
incubator overnight at 50 �C. The conversions for POEGMA and
PVP blocks were gravimetrically measured as 20 and 45%,
respectively.

Preparation of Core-Crosslinked PVP-b-POEGMA Micelles
through Quaternization
A total of 8 mg of PVP-b-POEGMA copolymer was dissolved in
1 mL of water and the crosslinker DBH was added to this solu-
tion. While the polymer concentration was kept constant, the
DBH concentrations were varied based on the ratio of mole num-
bers of DBH (nDBH) and 4VP units in the copolymer chain
(n4VP). As such, three micelles having molar ratios of nDBH/
n4VP = 0.4, 0.25, and 0.1 were prepared and designated as M1,
M2, and M3, respectively. Mixtures were vigorously stirred at
room temperature for 30 min. Then, the temperature of the solu-
tions was increased to 70 �C for the quaternization reaction.
After 24 h of reaction, the mixtures were dialyzed against ultra-
pure water to remove any impurities. Finally, the obtained
micelle solutions and their freeze-dried powders were kept at
4 �C until further use. The characterization of the micelle solu-
tions were carried out at 25 �C and pH 7.

Characterization Techniques
The chemical structure of the PVP-b-POEGMA block copolymer
was characterized with nuclear magnetic resonance (1H-NMR)
spectroscopy using Bruker AVANCE III 500 MHz NMR instru-
ment. Gel permeation chromatography (GPC) analysis of the
copolymer was carried out by Viscotek TDA302 instrument hav-
ing refractive index and light scattering detectors (see Supporting
Information for experimental details). Quaternization of micelles
were determined using Fourier transform infrared (FTIR)
spectra acquired from Shimadzu IR-Prestige 21 FTIR spectropho-
tometer with an attenuated total reflection apparatus. The hydro-
dynamic diameters (Dh), size distributions, and zeta potentials of
micelles were measured by Malvern Zetasizer NanoZS dynamic
light scattering (DLS) and electrophoretic light scattering (ELS)
spectrometer.

The topography of the micelles was examined by scanning elec-
tron microscope (SEM) (Zeiss EVO LS 10). Samples were pre-
pared by adding a drop of micelle solution on an SEM stub
followed by drying of this solution in oven at 60 �C. Then, after,
the samples were sputter coated by gold–palladium prior to the
measurements. Using the same sample preparation route, Field
Emission Gun Environmental SEM (FEI QUANTA 450 FEG
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ESEM) was also used to investigate the micelles at much higher
magnifications.

Antibacterial Assays
The antibacterial activity of micelles was evaluated by quantita-
tive and qualitative analysis against E. coli (ATCC number:
25922) and Staphylococcus aureus (ATCC number: 25923). Disk
and agar well diffusion methods were chosen as qualitative
methods to assess the antibacterial activity of the micelles. Disk
diffusion study was carried out based on the EUCAST standard.29

Stock solutions of the micelles were prepared (2 mg mL−1) and
loaded over sterile blank disks. These disks were placed on agar
plates containing the inoculated bacteria.

The agar well diffusion test was carried out as described before.30

The stock solutions (2 mg mL−1) prepared for the disk diffusion
method were also used and added to the wells as 100 μL. These
two qualitative methods were evaluated according to the appear-
ance of inhibition zone around the disks and wells.

Broth microdilution method was chosen as the quantitative
method to screen the in vitro antibacterial activity of micelles.
Broth microdilution was performed in accordance with the CLSI
standard.31 To determine the minimum inhibitory concentration
(MIC) of the micelles, serial dilutions of the micelle stock solu-
tions were prepared in liquid growth medium using a 96-well
plate. The bacterial culture medium (106 cfu mL−1) was added
into each well and the final volume of the wells was adjusted to
300 μL. These culture plates were incubated at 37 �C for 24 h.
While the negative control wells were only broth and bacteria
without any agent, the blank control wells were only broth with-
out bacteria. The positive control wells were both vancomycin
antibiotic solutions (4 mg L−1) and bacteria. MIC values were
determined by both spectrophotometric measurements (OD600
nm) and standard plate counting method.

RESULTS AND DISCUSSION

The aim of this study was to utilize quaternization reaction to
form positively charged core-crosslinked micelles and further-
more, to investigate their antibacterial efficacy. PVP-b-POEGMA
block copolymer was used as the unimer of the micelles in which
POEGMA is the hydrophilic block, and PVP as the core-forming
hydrophobic block. This type of copolymer including a PVP core
and PEG side chains has a coil-brush-like structure that provides
more PEG chains per PVP, thus enhancing the copolymer’s solu-
bility and biocompatibility. By quaternization of PVP segments
with a bifunctional alkylating agent, a positively charged and
crosslinked core was formed surrounded by a POEGMA shell.

A two-step RAFT polymerization resulted in PVP-b-POEGMA
copolymer to be used in the formation of micelles. GPC chro-
matograms of POEGMA and PVP-b-POEGMA displayed that
the POEGMA (Mn = 15 kg mol−1) is eluted later than the PVP-
b-POEGMA block copolymer (Mn = 29 kg mol−1) (Figure S1).
Moreover, the GPC analysis indicated a controlled polymeriza-
tion with a low polydispersity as polydispersity index (PDI)
values were 1.09 and 1.33 for POEGMA and the block copoly-
mer, respectively. Chemical structure of the PVP-b-POEGMA
copolymer was characterized using 1H-NMR spectroscopy. The

protons of OEGMA and 4VP units of the block copolymer were
obvious in the 1H-NMR spectrum of the copolymer in which the
protons of pyridine rings are at 8.2 and 6.6 ppm and peaks at 4.0,
3.5, and 3.3 ppm belong to OEGMA (Figure S2). Hence, both the
GPC chromatograms and NMR spectrum revealed the successful
synthesis of the PVP-b-POEGMA block copolymer.

In order to obtain the micelles, the prepared PVP-b-POEGMA
copolymer was dissolved in water. Since the block copolymer has
an amphiphilic structure, micelles were formed spontaneously in
water due to the hydrophobic effect. Thereafter, crosslinking in
the micelle structure was carried out to stabilize the polymeric
micelles. Here, we used the bifunctional quaternization agent
DBH for crosslinking of micelles through the pyridine rings
within the core using a two-step procedure (Scheme 1). In the
first step, micelles of PVP-b-POEGMA copolymers were formed
spontaneously at room temperature by hydrophobic effect caused
by the hydrophobicity of PVP block and DBH molecules. In the
second step, these micelle solutions were heated to 70 �C to facili-
tate the quaternization reaction, evident by the clarification of the
solutions which indicates the successful incorporation of DBH
into the hydrophobic core of the micelle. Here, heating the
micelle solution enabled the alkylation of tertiary amines in pyri-
dine rings with bifunctional DBH to form positively charged
quaternized pyridine rings in the core of the micelle. Conse-
quently, a novel core-crosslinked micelle that has a positively
charged core and a nonionic, biocompatible, hydrophilic shell
was obtained.

The structure of the dried core-crosslinked micelles was investi-
gated by FTIR spectrometry. FTIR is a quite definitive method
for determination of the quaternization of pyridine rings as it
identifies bands at 1600 and 1640 cm−1 characteristically belong-
ing to pyridine and quaternized pyridine rings, respectively.32 As
is shown in Figure 1, all micelles have bands at 1600 cm−1 (C C
bending) indicating pyridine rings and 1640 cm−1 (C C
stretching) belonging to quaternized pyridine rings. Also, the
band at 1720 cm−1 (C O stretching) depicts the carbonyl group
of the POEGMA block of the copolymer. For comparison, the
FTIR spectrum of nonquaternized PVP-b-POEGMA copolymer
which was not subjected to quaternization reaction is also shown
in Figure 1. In the copolymer spectrum, the peak at 1640 cm−1

was not observed due to the absence of quaternized pyridine
rings.

To further confirm the formation of micelles, physicochemical
properties such as size, charge, and shape of the samples were
investigated. Figure 2 shows the hydrodynamic size distributions
of micelles measured via DLS in which the micelles exhibit
unimodal size distributions. z-Average hydrodynamic diameter
values of the micelles were 116, 113, and 113 nm for M1, M2,
and M3, respectively. Moreover, the polydispersity of micelles
ranging between 0.105 and 0.114 also proves that secondary
aggregations were not occurred during micelle formation because
of the hydrophobic chains or covalent crosslinks.

DLS measurements also enable investigation of the stability of
the micelles by determining the critical micelle concentration
(CMC) at which the micelles dissociate to unimers.33 Light scat-
tering intensity of the unimeric polymers increases significantly
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after formation of micelles since they are much larger than
unimers. Therefore, the CMC of micelles can be determined by
measuring the light scattering intensity of micelle solution at var-
ious concentrations. Thus, we conducted DLS measurements to
confirm the stability of the micelles upon dilution of the micelle
solution. Figure 3 shows the light scattering intensity of the
Micelle M3 as a function of the micelle concentration. In
Figure 3, light scattering intensity linearly increases with the con-
centration of micelle and the variation in the slope of the curve is
not observed, indicating intact micelles and no dissociation of the
micelles. Furthermore, when measured by DLS, the hydrody-
namic size of unimeric polymers is significantly smaller than the
micelles. It is noteworthy that size of the micelles is between
100 and 160 nm (Figure 3) and reduction in size is not observed

upon dilution of micelle solutions. Hence, it is evident that the
quaternization core crosslinking of micelles maintains the stabil-
ity of micelles even at very low concentrations preventing dissoci-
ation of micelles into unimers.

The morphologies of the dried micelles were analyzed by SEM.
As illustrated in Figure 4, the spherical morphologies of the dried
micelles were confirmed by SEM images and the diameter of the
spherical micelles were measured as ~120 nm for M1, M2, and
M3 in accordance with the hydrodynamic diameters acquired by
DLS, as aforementioned. Further, the insets in Figure 4 display
the corresponding FEG ESEM images of single micelle at higher
magnifications. The diameters of single micelle shown as inset in
Figure 4 were also measured in the range of 110 and 130 nm. As
a consequence, the hydrodynamic size distributions given above

Scheme 1. Quaternization crosslinking of PVP-b-POEGMA copolymer in aqueous solution yielding positively charged core-crosslinked micelles. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

Figure 1. FTIR spectra of the PVP-b-POEGMA micelles after quaternization
of pyridine rings in the core of the micelles and nonquaternized PVP-b-
POEGMA copolymer. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. Intensity-based hydrodynamic size distributions of Micelles M1,
M2, and M3 acquired from DLS measurements. [Color figure can be viewed
at wileyonlinelibrary.com]
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and the SEM images reveal the formation of monodisperse and
nanosized spherical micelles with equivalent micelle diameters.

Quaternization reaction transforms the pyridine rings of PVP
block to quaternary pyridinium ions, which are positively
charged at all pH values. The surface charge of cationic structures
is an important factor that affects their antibacterial efficacy.
Therefore, zeta potential measurements were carried out to deter-
mine the positive charge on the surfaces of micelles. ELS mea-
surements were conducted to determine the zeta potentials of
micelles. Zeta potential values of +63, +51, and +38 mV were
acquired for M1, M2, and M3, respectively. The increase in zeta
potential values with the quantity of crosslinker indicates that
higher amount of DBH reacts with more pyridine rings. Our
results were in accordance with previously reported results as it is
known that increasing the amount of quaternization agent
increases the zeta potentials of the polycation.34

The time-dependent stability of antibacterial agents is important
when long-term antibacterial applications are considered.35,36 To
investigate the long-term stability of the obtained micelles, the

solutions of samples were stored for 1 year at 4 �C. Figure 5
shows the results of the hydrodynamic size distribution measure-
ments of Micelle M3 which was stored for 1 year. As Figure 5
reveals, M3 has a unimodal distribution with z-average diameter
of 110 nm and zeta potential of +38.8 mV after 1 year of storage.
Thus, comparison with the initial size and zeta potential results
provides strong evidence that the core-crosslinked micelles have
retained their size and positive charges stable for 1 year. More-
over, it is important to note that there is no agglomeration of the
micelles even after 1 year of storage in aqueous solution.

The antibacterial activity of the micelles was evaluated by three
different methods including broth microdilution, disk diffusion,
and agar well diffusion where E. coli (ATCC number: 25922) and
S. aureus (ATCC number: 25923) were used as Gram-negative
and Gram-positive bacteria models, respectively. According to
the results of the agar well diffusion and disk diffusion methods,
the samples did not exhibit a considerable growth inhibition zone
at the tested concentrations (data not shown). This indicates that
the micelles did not diffuse neither in disk diffusion nor in well
diffusion systems. We envisage that the size or charge of the

Figure 3. Light scattering intensity and hydrodynamic diameter of M3 as a
function of copolymer concentration. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 4. SEM images of dried micelles M1 (a), M2 (b), and, M3 (c) at 20,000× magnification. The insets show 12,0000× magnified images of each micelle
acquired by FEG ESEM.

Figure 5. Intensity-based hydrodynamic size distribution of Micelle M3
solution stored for 1 year. [Color figure can be viewed at
wileyonlinelibrary.com]
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micelles prevent their diffusion inside the agar medium. While
the size of the micelles may have prevented penetration through
the gaps in agar gel, the positively charged micelles may have
electrostatically interacted with negatively charged agar compo-
nents, such as sulfate groups of agaropectin. Indeed, it was
reported that even small numbers of countercharged regions in
gel structure can have a strong trapping effect for charged parti-
cles via electrostatic attraction.37

MIC values were determined by both spectrophotometric measure-
ments at 600 nm and standard plate count method to achieve more
reliable results. While any MIC value was not detected at the con-
centrations tested for S. aureus, the M1, M2, and M3 micelles
exhibited antibacterial activity against E. coli given that the samples
showed inhibitory activity at the highest concentration level with
MIC values of 0.6 mg mL−1. The high MIC values of the micelles
compared to the relevant state-of-the-art nanomaterials reported in
the literature38 can be attributed to the fact that the positive charge
of the obtained nanostructures are located in the core of the
micelles, thus diminishing their direct contact with the bacteria.
Based on the MIC values observed, although it may appear that the
antibacterial efficacy is limited, these values as a proof of concept
support our hypothesis that core-crosslinked micelles with positively
charged core have the potential for antibacterial applications.

Besides, MIC values revealed that different zeta potential values of
M1, M2, and M3 did not influence their antibacterial activities. On

the contrary, standard plate count technique results indicate that
the charge of the micelle affects the antibacterial efficacy of the
samples. As shown in Figure 6, dilution Petri images using stan-
dard plate count technique exhibits that colony number is signifi-
cantly reduced depending on the zeta potential values of the
micelles. For instance, in Figure 6(b), it is clear that Sample M1
having the highest zeta potential of +61 mV, has the lowest colony
number. Thus, it can be deduced that although the positive charges
are hidden in the core of the micelles, higher positive charge in the
core directly results in an enhanced antibacterial efficacy. This is
advantageous as it enables to tailor the antibacterial performance
of the micelles by varying the amount of the positive charges.

The difference in antibacterial activity of micelles against Gram-
positive (S. aureus) and Gram-negative (E. coli) can be correlated
with the differences in the cell wall structures of these bacteria.
Recently, it was shown that the presence of a higher number of
negative charges on the cell wall of the Gram-negative bacteria
(E. coli) causes stronger electrostatic interactions with the counter
charged micelles.39 It was reported that E. coli and S. aureus have
surface charges of −18.2 mV and −7.13 mV, respectively, indicat-
ing that S. aureus bacteria were significantly less negatively charged
than E. coli. Accordingly, the highly positively charged Micelle M1
is likely to induce stronger interaction with the more negatively
charged E. coli. Therefore, Sample M1 exhibited more efficient
antibacterial activity by reducing a higher number of live colonies
via bacterial lysis. Our antibacterial activity results reveal a better
antibacterial performance when compared with 10,000 μg mL−1

MIC values against E. coli reported in the previous study where
antibacterial crosslinked nanoparticles of vinylpyridine and ethyl-
ene glycol dimethacrylate were prepared.40 This is because of the
increased hydrophilicity of the micelles due to the POEGMA shell
which enhances the solubility of the material, and thus improving
the interaction with the bacterial membrane.

In addition, to investigate the long-term antibacterial efficacy of
the micelles, broth microdilution assays were also conducted for
the micelles stored as solutions for 1 year. As expected, the M3
micelle has shown similar antibacterial activity against E. coli
(MIC value of 0.6 mg mL−1) after 1 year storage given that its
size, size distribution, and zeta potential values were also
maintained. Furthermore, this long-term antibacterial stability
was also investigated by standard plate count assay and the
results are displayed in Figure 7. It is obvious in Figure 7 that the

Figure 6. The twofold diluted Petri images of standard plate count method in broth microdilution assay (a) E. coli control group, (b) M1, (c) M2, and
(d) M3, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7. The twofold diluted Petri images of standard plate count tech-
nique in broth microdilution method. (a) E. coli control group and (b) the
M3 micelle solution after 1 year of storage at 4 �C. [Color figure can be
viewed at wileyonlinelibrary.com]
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micelle is still effective against E. coli after 1 year as the colony
number is reduced as well.

CONCLUSIONS

Quaternization reaction has been successfully applied to the core
crosslinking of PVP-b-POEGMA micelles resulting in novel, stable,
and inherently antibacterial cationic polymeric materials. The stable
micelles could maintain their size and charge over a year. Moreover,
the antibacterial activity assays resulted in the inhibition of E. coli
(selected Gram-negative model organism) bacterial growth which
was also maintained after 1 year. Considering the long-term stability
of micelles and the MIC values achieved from the antibacterial tests,
these micelles are potential candidates for long-term antibacterial
applications, that is, textile products or surface coatings. Finally, we
envisage that our simple core-crosslinking strategy via quater-
nization can be a crucial pathway leading to the development of
new positively charged inherently antibacterial polymeric micelles.
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